The nucleon form factors in free space are usually thought to be modified when a nucleon is bound in a nucleus or immersed in a nuclear medium. We investigate effects of the density-dependent axial and weak-vector form factors on the electro-neutrino (ν e ) and anti-electro-neutrino (ν e ) reactions with incident energy E ν ≤ 80 MeV via neutral current (NC) for a nucleon in a nuclear medium or 12 C. For the density-dependent form factors, we exploit the quark-meson-coupling (QMC) model, and apply them to the ν e andν e induced reactions by NC. About 12 % decrease of the total cross section by the ν e reaction on the nucleon is obtained at normal density, ρ = ρ 0 ∼ 0.15f m −3 , as well as about 18 % reduction of the total ν e cross section on 12 C, by the modification of the weak form factors of the bound nucleon.
I. INTRODUCTION
In the core-collapse supernova (SN) explosion, neutrino (ν) heating is known as one of the main mechanisms for the explosion leading to the so-called ν-driven explosion [1] .
Neutrinos emitted from the neutrino sphere propagate the proto-neutron star (PNS). The first propagating region is a core part of the PNS, whose density is believed to be about a few times of the normal nuclear density ρ 0 ∼ 0.15f m −3 . During the propagation, neutrinos may interact with nucleons in dense nuclear matter through two different modes; neutral current (NC) and charged current (CC). The former mediated by Z 0 boson corresponds to the neutrino scattering, while the latter through W ± bosons is the neutrino absorption with the emission of corresponding leptons.
After passing by the uniform density region, ρ uni ∼ 6.85×10 −2 f m −3 = 1.14×10 14 g/cm 3 ∼ 0.5ρ o , which density dissolves a crust of the PNS into the core comprising a uniform plasma of nucleons and leptons, neutrinos enter into the crust region of the PNS. This crust region is usually treated as two different parts, inner and outer crusts divided by the neutron drip density, ρ drip ∼ 2.70 × 10 −4 f m −3 = 4.48 × 10 11 g/cm 3 . Beyond this density, neutrons drip out of finite nuclei presumed to be embedded as lattice structures in the outer crust of the neutron star.
Some of the interesting phenomena in the ν propagation inside the PNS by a unique property of the neutrino come from the asymmetry between the neutrino scattering and absorption due to strong magnetic fields in the magnetar. For instance, the pulsar kick [2, 3] and the spin deceleration [4] of the strongly magnetized neutron stars were shown to be closely associated with the asymmetry, according to detailed studies of the neutrino transport in dense matter by a relativistic mean field theory (RMF).
Outside of the PNS, emitted neutrinos interact also with the nuclei already produced by the s-process in the progenitor and/or the r-process in the explosion. Around the Si layer, the neutrinos may initiate the so called neutrino-proton (νp) process [5] . Namely, the anti-neutrino (ν) absorption in proton-rich environment may produce neutrons immediately captured by neutron-deficient nuclei, which affects the proton process (p-process) by the (n, p) or (n, γ) reactions. In the O-Ne-Mg layer, whose density is assumed to be about ρ ∼ 10 3 g/cm 3 , neutrino-induced reactions might play an important role of producing some p-nuclei, which are odd-odd neutron-deficient nuclei. For example, the cosmological origins abundances are also closely associated with the neutrino interactions in He-C layer [8] .
Of course, the nuclear density outside the PNS is not so dense compared to that of inside the PNS. But, since the nucleons interacting with the neutrinos are strongly bound, properties of such a bound nucleon are expected to be modified from those in free space.
Therefore, if such a drastic change of nuclear density happens to the neutrino propagation, it would be of practical importance to investigate such medium effects or bound nucleon property changes on the neutrino propagation in both inside and outside of the PNS. Lab, and also from the study of neutron properties in a nuclear medium through polarized ( e, e ′ n) scattering on 4 He in Ref. [15] . Since the weak vector currents and EM currents form iso-vector (vector) current, one may expect naturally the modification of the weak vector form factors in a similar way to the EM form factors. In addition, the fact that the bound neutron in a nucleus is nearly stable while a free neutron decays via the weak interaction with the life time of about 880 s, implies that the dominant, axial vector form factor or axial coupling constant g A , in a nuclear medium is also to be modified and different from that in free space.
Thus, it is quite meaningful to investigate the change of the neutrino-induced reactions due to the modification of nucleon properties in a nuclear medium, in order to pin down the ambiguities inherent in the nucleon and/or nuclear structure on the interpretation of various neutrino reactions in the cosmos. For the study of the nuclear weak structure, one needs more refined nuclear models, because the nuclear reaction by the emitted neutrino energy from the PNS, whose energy range is less than 100 MeV, is sensitive on the collective motion of inside nucleons.
In our previous paper, we studied the medium effects on the neutrino reaction by charged current [16] . A large asymmetry between the neutrino and anti-neutrino reactions in a dense nuclear medium is predicted. In this study, we focus on the NC reaction with the densitydependent weak form factors estimated in the quark-meson-coupling model (QMC) [17] [18] [19] [20] .
The model has been successfully applied to study the properties of hadrons in nuclear matter, finite nuclei and hypernuclei [21] [22] [23] . For more through understanding of the medium effects or the effects by the change of nucleon properties in a nuclear medium, the ν e andν e reactions on the nucleon in nuclear matter [24] as well as in 12 C are examined in detail. Nuclear structure for 12 C is treated by Quasi-particle RPA (QRPA) [25, 26] . 
II. WEAK FORM FACTORS IN NUCLEAR WEAK CURRENT
By the standard electro-weak theory, the weak current operator W µ used for the ν-induced reaction takes a V µ − A µ current form which has isoscalar and isovector parts for NC interaction [25] : 
0 is usually taken for the meson electro-production. For a free nucleon, the weak current operator comprises the vector, the axial vector and the pseudo scalar form factors,
Here we take the scalar form factor in the vectorial part and the axial tensor form factor in the axial part to be zero, because of the conservation of the vector current (CVC) and no existence of the second class current, respectively. By the CVC hypothesis with the inclusion of the isoscalar strange quark contributions F s i (Q 2 ), the vector form factors for protons and
(Q 2 ) are expressed as [28] :
The axial form factor is given by
where g A and M A are the axial coupling constant and the axial cut off mass, respectively.
The sign, −(+) comes from the isospin dependence of the target proton (neutron), respectively [29] . The axial form factor in Eq. (4) is just negative to the form factor elsewhere, for example, in Ref. [28] , because we take the + sign for the F A (Q 2 ) in Eq. (2) . Although the ambiguity from the strangeness content in a nucleon still persists [31] , the contribution to total cross section is less than 10 % even in the quasi-elastic region [27] . Therefore, we do not take the strangeness contribution into account in this work.
Before applying to the neutrino reaction, we need to figure out the change of nucleon properties in a nuclear medium, such as the effective nucleon mass, the axial coupling constant, the weak form factors of the nucleon. Those properties are calculated in the quark-meson coupling (QMC) model [17] [18] [19] [20] . The constituent quark mass in a hadron is generated by the quark condensate,, in vacuum, but the mass (or) in nuclear matter may be reduced from the value in vacuum because of the condensed scalar (σ) field depending on the nuclear density ρ. The decrease of the quark mass then leads to the variation of baryon internal structures at the quark level. Such effect are considered self-consistently in the QMC model.
Detailed features of the form factors and their modifications in nuclear matter used in this study are summarized in Appendix A and B.
In Fig. 1 , effective nucleon mass in nuclear matter, M * (ρ), is illustrated, which shows a monotonic decrease with the increase of nuclear density. The modification of the axial vector form factor in nuclear matter is also shown in the right panel in Fig. 1 as a function of four momentum transfer Q 2 [GeV /c] 2 , which is normalized to that in free space,
. Even in the small momentum transfer region, where most of the neutrino reaction in the cosmos expected to occur, the reduction of the axial form factor
In the quasi-elastic region, the Q 2 dependence 
, with finite momentum transfer in nuclear matter. From the uppermost (vacuum) in the right panel, the density ratio is increased by 0.5 ρ o . The lowermost curve is for
of the form factors on each density becomes more significant. Detailed discussions on the change of vector form factors in a nuclear medium adopted in this paper are summarized as figures in Appendix B.
III. EFFECTS OF DENSITY DEPENDENT WEAK FORM FACTORS ON THE NEUTRINO REACTION VIA NC ON THE NUCLEON IN NUCLEAR MATTER AND 12 C A. Results on the Nucleon in Dense Matter
By using the following Sachs form factors and G
we calculated differential cross sections of the neutrino (antineutrino) reactions on the nucleon via NC as follows [31, 32] (
Here we omit superscript 'V' for the form factors. E ν is the energy of the incident ν(ν) in the laboratory frame, and y = p · q/p · k = Q 2 /2p · k with k, p and q being respectively initial 4-momenta of ν(ν) and target nucleon, and 4-momentum transfer to the nucleon. The sign, − (+), corresponds to the ν (ν). Therefore, the difference and the sum of the cross sections are simply summarized as
and those via CC case are given by the replacements, (8) and (9) . Numerical results obtained using the in-medium modified weak form factors are summarized in Fig. 2 , where total cross sections forν e + p →ν ′ e + p (left) and ν e + n → ν e ′ + n (right) via NC in nuclear matter are presented. Total cross sections decrease about 15% per each density increase step until the ρ ∼ 2.5ρ 0 (sky-blue (dot dashed) curve). However, for the ν e + n → ν e ′ + n reaction, the variation in nuclear matter below E ν ∼ 30 MeV is less than 3 %. Even the cross sections around E ν ∼ 80 MeV decrease about 12 % maximally at ρ = ρ 0 (blue (dotted) curve) compared to that in free space (black (solid) curve).
This large asymmetry for theν e and ν e reactions due to the change in the nucleon properties in a nuclear medium, which was also found in the CC reaction [16] , can be understood by the last, helicity-dependent (HD) term in Eq. (6) in an analogous way to the CC case [16] . The HD term contribution can be estimated from the asymmetry in the neutrino reaction, σ − = σ(ν e ) − σ(ν e ). For example, in Fig. 3 , we plot the related cross sections, σ − and σ + = σ(ν e ) + σ(ν e ), which respectively correspond to the HD and helicity independent (HID) term in Eq. (6 the cross sections with increasing the nuclear density, while the HID term in the right panel shows the decrease of the cross sections with increasing the density.
For the ν e reaction, which is a half of the sum of σ − and σ + shown in the both panels, the HD term plays a countervailing role of the medium effects leading to the smaller effects, while the HD term enhances the medium effects for theν e reaction. Therefore, the large asymmetry between the ν e andν e reaction cross section comes from the different helicities of ν andν. Radiative corrections in the ν e reaction are not taken into account in this work, because the effects are known to be less than 2 % [33] . If we compare present NC results with those of the CC reaction in our preceding paper [16] , this asymmetry can be arisen in the ν reaction, irrespective of the current types. σ(ν e ) − σ(ν e ) (left) and σ + = σ(ν e ) + σ(ν e ) (right), which respectively correspond to the HD and HID terms in Eq. (6). Legends for the curves are the same as those for Fig. 2 .
B. Results on the Bound Nucleon in 12 C
To calculate the neutrino reaction on 12 C, we use the following differential cross section formula, whose detailed explanations can be found in Ref. [25] ,
where ν and k are the 3-momenta of the incident and final neutrinos, and q = k − ν, β = k/ǫ with the final neutrino's energy ǫ. Of course, the extremely relativistic limit (ERL) may yield more simple formula, but we use the general expression to get accurate results.
We have applied Eq. (10) [26] . Our numerical results are presented in Fig. 4 . Medium effects onν e and ν e reactions on 12 C appear in a similar fashion to those on the nucleon in nuclear matter. Total cross sections for the ν e reaction decrease about 15% per each density decrease of 0.5 ρ o , while those for the ν e reaction are about 5% for each decrease of the nuclear density.
If we take the average Fermi momentum of the nucleon in 12 C, k F = 225MeV (ρ = 0.668ρ o ) [24] , the maximum change by the in-medium effects is shown to be less than 7%. Since we consider the exclusive reaction for the ground state of daughter nuclei, the cross sections are smaller than those for the nucleon in Fig. 2 .
In order to justify our approach to the NC neutrino reaction in finite nuclei, we compare our results to the experimental data, 10.4 ± 1.0 ± 0.9 × 10 −42 cm 2 , which was measured as the flux averaged cross section of (ν e , ν ′ e ) + (ν µ , ν ′ µ ) reactions on 12 C target [34] . If we take into account of the medium effect on 12 C by adopting ρ = 0.6ρ o , our result become 9.52
, which is consistent with the data. Comparison to the CC reactions data was done in Ref. [16] .
In Fig.5 , one may find that similar mechanism to the case of a nucleon in nuclear matter
gives also rise to the asymmetry on the neutrino reaction on 12 C in Fig.4 . Namely the HD term, the last term in Eq. (10), calculated as σ − in the left panel of Fig.5 enhances (supresses) the medium effects on theν e (ν e ) reaction. Finally, in Fig. 6 , we show the cross section ratios, σ(ν e )/σ(ν e ), on the nucleon in nuclear matter and 12 C. All ratios decrease with increasing the incident energy E ν . It would be a valuable low energy extension of the previous calculations performed beyond E ν = 100 MeV region [35] . As for the medium effects, the higher the density increases, the smaller the ratios of theν e to the ν e reaction become. It means that the asymmetry between theν e and ν e reactions would be increased in a denser nuclear medium. More careful treatment of the ν andν propagation in dense matter are necessary for more thorough understanding of the phenomena related to the neutrino propagation in nuclear matter.
IV. SUMMARY
In summary, we applied the bound nucleon weak form factors modified in a nuclear medium to the neutrino and the anti-neutrino reactions via neutral current on the nucleon in nuclear matter and 12 C. The form factors are calculated in the QMC model, and retain explicitly the four-momentum transfer and the density dependence. Anti-neutrino reaction cross sections are largely suppressed in nuclear matter, i.e., about 30 % maximal suppression around ρ = ρ 0 similarly to that observed for the CC reaction. However, the neutrino cross sections in dense matter may be modified about 12 ∼ 18 %, maximally. Such asymmetry turns out to appear irrespective of the target. Therefore, it could affect significantly the neutrino scattering, in particular, the anti-neutrino propagation inside the proto-neutron star.
Recent neutrino facilities present lots of fruitful data for the neutrino reaction in the quasi-elastic region [36, 37] . Although most of the data are now focused on the extraction of the axial mass and the strangeness content on a nucleon by the quasi-elastic kinematics, the study of the asymmetry between the neutrino and anti-neutrino reactions by more data on theν reaction could be the valuable alternative approach to understand the modification of the nucleon properties in a nuclear medium.
Note the following facts.
1) The Q 2 = ω 2 − q 2 defined in Eq. (24) in Ref. [29] is correct, but the argument Q 2 in the form factors is understood as |Q 2 | as shown in their figures. In the same sense, the
, which is consistent with the standard value [41] .
The Sachs form factors are related to the Dirac and Pauli form factors as follows
The isovector-vector weak form factors are given by the Dirac and Pauli form factors,
where the NC case is taken from our previous paper [25] and Ref. [28] . On the other hand, the axial vector form factor is given by G Other form factors introduced in Refs. [38] [39] [40] are all assumed to have the same momentum dependence in MeV units:
with m π = 139.57 MeV, M N = 931.49432 MeV, µ V (0) = µ p − µ n = 4.706.
1) Here q 2 = q 2 −q 2 0 defined by Eq. (80) in Ref. [40] is the same Q 2 definition with our notation.
The F V 1 (q 2 ) in A (5) is almost same as that in (A4) because 
